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Abstract

Copper and aluminum are both widely applicable in a variety of industrial and commercial branches, from
automotive to electrotechnics and laminated materials and clad composites are innovative and perspective
solutions for various applications. This study deals with the investigation of structure development via internal
stress analyses, grains size observation, and residual stress analyses within Al-Cu clad composites rotary
swaged at room temperature and at 250 °C by optical and electron microscopy, EBSD analyses and
microhardness measurements. The swaged composites were also subjected to post-process heat treatment -
annealing at 350 °C for 30 minutes. The results showed that intermetallic phases developed at the interfaces
especially when subjected to higher temperatures (warm swaging and annealing). On the other hand, these
treatments resulted in a significant decrease in the residual stress, which was also influenced substantially by
sub-structure development (grain refinement). The analyses were supplemented with microhardness
measurements, the results of which were in accordance with the results of substructure development.
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1. INTRODUCTION

The research and development of progressive technologies and modern equipment has given birth to a variety
of new innovative metal materials, such as novel laser and plasma melted alloys [1,2], pseudo-alloys fabricated
via powder metallurgy [3,4], high entropy alloys (HEASs) [5], also characterized as multi-principal element (MPE)
alloys [6,7], functionally graded materials [8, 9], hybrid and hierarchical materials [10,11], and composites [12].
The modern composites can be of various types, the main are MMC (Metal Matrix Composites) [13] offering
the advantages of the component metals (for example high electrical and thermal conductivity) while benefiting
from the additions of dispersed particles or fibres to additionally increase their strength [14], and laminated and
clad composites featuring several layers of various metals each one introducing characteristic properties to
create their advantageous combination within the final product [15].

The metal components used for the individual composites, as well as the fabrication method, typically depend
on the intended application of the final product. Among the favourable combinations of metals for modern
composites are aluminum and copper, both featuring high thermal and electric conductivity. Combining Al and
Cu can also provide several other advantages, such as low density, and lower cost comparing to monolithic
Cu. However, they are prone to form compounds when in contact, i.e. form intermetallics at the interfaces,
especially at elevated temperatures. As found previously for layered Al-Cu composites [16], high-temperature
post-process annealing supports the development of intermetallics. On the other hand, heat treatment also
supports structure restoration and grain refinement. Also, both the metals are hardenable via various methods,
from solid solution strengthening, through precipitation hardening, to work hardening [17-20]. Therefore,
intensive plastic deformation provides a favourable solution for production of clad and laminated composites
at low temperatures, or even under cold conditions.

Conventional (e.g. extrusion [21], rolling [22], and forging [23]), as well as non-conventional (e.g. equal channel
angular pressing [24], friction stir processing [25], and rotary swaging [16]) fabrication technologies have been
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applied to manufacture composites. The primary focus of this study was to prepare Al-Cu wires with promising
application e.g. for energy transfer via rotary swaging (RS) at room as well as elevated temperature.

This report deals with the evaluation of the influence of the swaging degree and temperature on the fabricated
Al-Cu clad composites. The mutual interfaces, as well as grains refinement, local misorientations indicating
internal stress and the presence of residual stress were studied via electron microscopy. The analyses were
supplemented with microhardness measurements and with the results for swaged samples subjected to post-
process annealing at 350 °C for 30 minutes.

2, EXPERIMENTAL WORKS

The originally used materials were commercially pure (CP) copper (with 0.002 wt% O, 0.015 wt% P, 0.002
wt% Zn), and CP electro-conductive aluminum (with 0.20 wt% Si, 0.25 wt% Fe, 0.05 wt% Cu). The circular
long rods/wires of the Al-Cu clad composites were manufactured via the RS fabrication technology, which is
very favourable for production of long axisymmetric products, such as long conductors for the automotive. RS
provides the products with exceptional quality surface and dimensional accuracy and, by introducing intensive
plastic strain, also favourably influences the structure and properties of the final products [26].

The composites were swaged at room temperature (composite A) and at 250 °C (composite B) and selected
samples were further annealed at 350 °C for 30 minutes [27] in order to detect changes in the residual stress
and sub-structure development. For both the swaging procedures, the original outer diameter of the aluminum
workpiece was 30 mm and the diameters of the Cu wires were 3 mm (the design of the composite was
described e.g. in [26]). The composites were swaged to the final diameter of 5 mm in several swaging passes.
All the subsequent analyses were performed on transversal samples (taken in the direction perpendicular to
composite axis).

Detailed analyses of the swaged-pieces were performed via scanning electron microscopy (SEM), a Tescan
Lyra 3 FIB/SEM microscope equipped with a NordlysNano electron back-scattered diffraction (EBSD) detector
was used. The scanned images were evaluated with the help of OXFORD Instruments [28] and LEM3
Laboratories [29] software. Microhardness examinations were performed using a Zeiss microhardness
measuring equipment with the load of 250 g and load time of 10 s; the average Al matrix values were calculated
from a set of at least five values measured across the particular composite diameter (excluding the Cu wires),
while the average Cu values were calculated from a set of values measured for all the individual wires. All the
samples were prepared via grinding on SiC papers and diamond suspension polishing. For EBSD
observations, the samples were finally polished electrolytically.

3. RESULTS AND DISCUSSION

3.1. Microhardness

The average microhardness measured for the Al matrix and Cu wires of 10 mm, 7.5 mm and 5 mm composites
A and B and annealed samples are depicted in Table 1. As can be seen, the microhardness of the composite
A Al matrix increased with increasing imposed strain. However, the increase was more significant between the
10 mm and 7.5 mm passes (almost by 18 %), while the increase after swaging to 5 mm was by ~ 8 % despite
the higher total swaging degree. This phenomenon can be explained by achieving the maximum work
hardening ability of the matrix during the final swaging; due to the intrinsic properties of Al (stacking fault energy
value etc. [17]), the imposed strain was primarily “consumed” by the Al matrix [15, 17]. This was also confirmed
by the structure development, as discussed further. For the 10 mm and 7.5 mm composites Cu component,
the trend was similar as for the Al, however, the Cu hardness slightly decreased after swaging to 5 mm.

For composite B, the trends for the Al and Cu components microhardness values were similar to composite A,
but the percentual increases between the individual passes were comparable (~ 15 % and ~13 %, from 10 mm
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and 7.5 mm for Al, respectively). The results show that the elevated swaging temperature led to an earlier
activation of the softening processes when compared to composite A. Primarily by this reason, composites B
generally exhibited slightly lower HV values than composite A. The applied heat treatment then resulted in a
significant decrease in microhardness for both the components. The heat treatment thus evidently supported
restoration processes within the structures. On the other hand, it promoted the development of intermetallic
phases at the interfaces (Section 3.2) [27]. Nevertheless, the microhardness for the 5 mm composites Al matrix
did not exhibit such a significant decrease as the Cu component. This can be attributed to a notable presence
of precipitates within the Al matrix supporting work hardening [15,27].

Table 1 Average microhardness for components within swaged and heat treated composites (* 350 °C)

Composite type A A A A* A* A* B B B B* B* B*
Diameter (mm) 10 7.5 5 10 7.5 5 10 7.5 5 10 7.5 5
Avg. Al HV (-) 43.3 50.9 549 | 29.7 | 38,5 | 41.2 | 401 | 46.0 50.7 | 343 | 36.1 | 37.7
Avg. Cu HV (-) 1099 | 1125 | 1074 | 758 | 81.6 | 89.1 | 103 | 110.8 | 103.8 | 64.7 | 679 | 73.6

3.2. Structure analyses and grain size

The most evident was the change in the diameters and cross-sectional shapes of the Cu wires (as shown for
composite A in Figure 1a). The wire diameters decreased with increasing imposed strain, but increased with
increasing swaging temperature for identical composite diameters. This phenomenon was the result of the
maximum strengthening ability of both the components and activation of restoration processes [15]. The wires
within composite B had larger diameters for identical composite diameters (not shown here) due to inter-pass
softening of Al, as a result of which the matrix had the ability to better “consume” the imposed strain. Therefore,
the Cu wires were not influenced by the imposed strain as substantially as during swaging at 20 °C.
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Figure 1 Cross-sectional cuts of composite A, 10 mm and 7.5 mm samples (a); Al-Cu interface of 5 mm
composite A (b); Al-Cu interface of 5 mm composite B (c); EDX spectra for intermetallic phases: AlzCu (d);
AlsCus (e)

Another issue of importance was the possible presence of intermetallic phases. No intermetallics were found
in samples of composite A (example in Figure 1b). However, they were detected in 5 mm composite B
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(Figure 1c) and also in both the heat-treated composites. The observed phases were Al2Cus, AlsCug, AlCu
and AlzCu and their mixtures depending on the examined location (examples of EDX spectra for several
distinguishable phases shown in Figure 1c are depicted in Figures 1d and 1e). The intermetallics were
crushed in some locations (Figure 1¢), which proves their brittleness and is also in accordance with previous
reports on Al-Cu composites [15]. The figures also show the presence of precipitates in the Al matrix (white
spots), which supported work hardening, as discussed in the section on microhardness. According to SEM-
electro dispersive spectroscopy analyses, the precipitates contained 61.9 wt% Al, 37.2 wt% Fe, and 0.9 wt%
Si in average.

The average grain size values for both the components within selected composites are depicted in Table 2,
Figure 2 then shows the example set of EBSD scans of the copper component the data from which were
further evaluated. As can be seen, the grain size between the two final swaging passes decreased slightly for
composite A Cu, however, increased for composite B Cu. This can be attributed to the elevated swaging
temperature supporting secondary recrystallization of Cu [18], and the fact that the final swaging reduction
was little and the energy imposed to Cu was not sufficient for further grain refinement since the matrix
“consumed” its majority (Section 3.1). For the Al, the grain sizes slightly decreased during swaging to 5 mm
for both the composites although the HV values increased slightly - this can be attributed to the development
of precipitates and particle stimulated nucleation both supporting work hardening [18]. The grain size decrease
after annealing for both the composites corresponds to the HV decrease, occurring softening, and restoration
of plastic properties.
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Figure 2 EBSD scans of Cu components for further evaluation: 7.5 mm composite A (a), 5 mm composite A
(b), 5 mm composite A + 350 °C (c), 7.5 mm composite B (d), 5 mm composite B (e), 5 mm composite B +
350 °C (f)

Table 2 Average grain size for individual components of swaged composites (* 350 °C)

Composite type A A A* B B B*

Diameter (mm) 7.5 5 5 7.5 5 5
Avg. Al grain size (um) 0.53 0.46 0.29 0.51 0.46 0.26
Avg. Cu grain size (um) 1.06 1.03 0.63 0.62 0.91 0.39
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3.3. Residual stress

Severe deformation imposed especially under cold conditions leads to the development of internal stress within
the structure. Such stress develops naturally during structure refinement and is usually relaxed during sub-
structure formation [30]. However, residual stress in the structure can decrease the longevity of the final
products [26]. Due to the limited space of this article, only selected scans were picked to document the
structure state. The results of local misorientation analyses showed the internal stress to be present primarily
at the grain boundaries after each pass, which corresponds to the occurring grain refinement. Figures 3a and
3b document the local misorientations for Cu of both the 7.5 mm composites. Evidently, the recrystallized
grains featuring high-angle boundaries (strong black lines) are larger for composite A and the sample is about
to undergo substructure development when additional energy is imposed (i.e. during the following swaging
pass). On the other hand, substructure of composite B is well-developed (supported by 250 °C), a large number
of subgrains are forming. This also corresponds to the highest HV of all the composite B samples.

The analyses of internal stress within the grains then show residual stress within the samples. As can be seen
in Figure 3c, the residual stress is present in the majority of the structure which corresponds to the massive
substructure formation. The residual stress is further significantly relaxed after swaging to 5 mm for both the
composites (Figures 3d and 3e). Similarly, the post-process heat treatment induced grain refinement (the
additional energy caused the composite B Cu to refine significantly), as well as residual stress relaxation.

Figure 3 Local misorientations in 7.5 mm composite A (a), 7.5 mm composite B (b). Residual stress in 7.5
mm composite B (c), 5 mm composite A (d), 5 mm composite B (e), 5 mm composite B + 350 °C (f).

4. CONCLUSION

The analyses showed that microhardness of both the components was generally higher for composites swaged
at room temperature (RT) than at 250 °C. After swaging to 5 mm at RT, the Al matrix exhibited exhaustion of
its work hardening ability. The grain refinement was more notable for composites swaged at 250 °C, however,
the combination of elevated temperature and little final reduction ratio caused the Cu grains to coarsen by
secondary recrystallization during swaging to 5 mm. This effect was eliminated by subsequent heat treatment.
On the other hand, heat treatment promoted the development of intermetallics, as did also the 250 °C during
the final swaging pass. The presence of residual stress was not significant within both the final 5 mm
composites due to the notable substructure development causing its relaxation, which was documented by
local misorientations analyses. The post-process annealing further decreased the presence of residual stress,
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and introduced further structure refinement. Suffice to say, the 5 mm Al-Cu composite wires were successfully
fabricated via rotary swaging, the final wires had ultra-fine grained structures and did no significant presence
of residual stress.
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